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Abstract. Chemistry-climate models (CCMs) are commonly
used to simulate the past and future development of Earth’s
ozone layer. The fully coupled chemistry schemes calculate
the chemical production and destruction of ozone interac-
tively and ozone is transported by the simulated atmospheric
ﬂow. Due to the complexity of the processes acting on ozone
it is not straightforward to disentangle the inﬂuence of in-
dividual processes on the temporal development of ozone
concentrations. A method is introduced here that quantiﬁes
the inﬂuence of chemistry and transport on ozone concen-
tration changes and that is easily implemented in CCMs and
chemistry-transport models (CTMs). In this method, ozone
tendencies (i.e. the time rate of change of ozone) are par-
titioned into a contribution from ozone production and de-
struction (chemistry) and a contribution from transport of
ozone (dynamics). The inﬂuence of transport on ozone in
a speciﬁc region is further divided into export of ozone out
of that region and import of ozone from elsewhere into that
region. For this purpose, a diagnostic is used that disag-
gregates the ozone mixing ratio ﬁeld into 9 separate ﬁelds
according to in which of 9 predeﬁned regions of the atmo-
sphere the ozone originated. With this diagnostic the ozone
mass ﬂuxes between these regions are obtained. Further-
more, this method is used here to attribute long-term changes
in ozone to chemistry and transport. The relative change in
ozone from one period to another that is due to changes in
production or destruction rates, or due to changes in import
or export of ozone, are quantiﬁed. As such, the diagnostics
introduced here can be used to attribute changes in ozone
on monthly, interannual and long-term time-scales to the re-
sponsible mechanisms. Results from a CCM simulation are
shown here as examples, with the main focus of the paper
being on introducing the method.
Correspondence to: H. Garny
(hella.garny@dlr.de)
1 Introduction
The atmospheric ozone layer has been depleted by an-
thropogenic emissions of CFCs, halons, and other halogen
containing compounds over the last decades. The Mon-
treal Protocol and its amendments and adjustments has led
to signiﬁcant reductions in emissions of ozone depleting
substances (ODSs) and halogen levels are now decreasing
(WMO, 2010). Chemistry-climate models (CCMs) project
a return of ozone to 1980 levels in the 21st century (Austin
et al., 2010). In addition to ODSs, well-mixed greenhouse
gas (GHG) concentrations will also impact the ozone layer,
and affect the timing of the return of ozone to 1980 val-
ues (Eyring et al., 2010). It is known that enhanced GHG
concentrations cool the stratosphere (WMO, 2007). This in-
ﬂuences chemical reactions as most ozone destruction re-
action rates are temperature dependent (e.g. Portmann and
Solomon, 2007). Furthermore, changes in dynamics might
alter transport and hence inﬂuence the distribution of ozone.
In the upper stratosphere, where ozone is largely chemically
controlled, the chemical effects are expected to dominate
ozone changes while in the lower stratosphere where the life-
time of ozone is long, transport changes are expected to also
play a role. The major challenge in determining the impor-
tance of chemical versus transport effects on ozone is to un-
tangle their relative inﬂuence. Many studies have analysed
future ozone projections and inferred the role of different
drivers of ozone changes from, for example, the compari-
son of simulations with and without changes in well-mixed
GHGs (Eyring et al., 2010) or from results of linear regres-
sion modelling (Oman et al., 2010). In this study, a method
is introduced that quantiﬁes ozone transport and allows the
effect of transport changes on ozone to be quantiﬁed explic-
itly.
This method consists of three different diagnostics that
build on each other. The ﬁrst is the ozone origin di-
agnostic developed by Grewe (2006). This diagnostic,
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and modiﬁcations made for this study compared to Grewe
(2006), together with selected results are shown in Sect. 2. In
Grewe (2006), the ozone origin diagnostic was used to study
the composition of a climatological mean ozone distribution
(in a steady state simulation), while here it is incorporated
into a transient simulation.
In the second diagnostic (Sect. 3), changes in ozone from
one timestep to the next are reconstructed using the ozone
budget equation, thereby attributing these changes to the dif-
ferent source and sink terms of the ozone budget. The ten-
dencies are decomposed into contributions from chemistry
and transport. The chemistry contribution is further divided
intoproductionanddestructionofozone, whichcanthenalso
be divided further to study the relative importance of differ-
ent chemical reaction cycles. The novel aspect of the method
developed here is the separation of the transport tendencies
into export of ozone and import of ozone out of and into dif-
ferentregionsoftheatmosphere. Thisismadepossiblebyin-
corporating the ozone origin diagnostic and decomposing the
ozone tendencies of the additional ozone ﬁelds obtained by
this diagnostic. The origin diagnostic, in combination with
the decomposition of ozone tendencies, is used to calculate
the ozone budgets and ozone mass ﬂuxes between different
regions. This decomposition can be used to study and un-
derstand the local and non-local contributions to the annual
cycle and interannual variability in ozone.
The third and ﬁnal diagnostic allows the attribution of dif-
ferences in ozone between two climate states (e.g. between
two different periods) to changes in the sink and source
terms, as shown in Sect. 4. In particular, the relative dif-
ference in the mean ozone mixing ratios in a region can be
divided into those caused by changes in production rates,
destruction rates and transport to or from different regions.
This is obtained by using the decomposition of ozone ten-
dencies as performed in the second part of the diagnostic,
and expressing the differences in ozone between two periods
in terms of changes in the sink and source terms.
A simulation with the chemistry climate model E39C-A
(Stenke et al., 2009) is used to demonstrate the method. The
simulation is identical to the SCN-B2d simulation described
in Garny et al. (2009), and a brief description of the model
and the simulation is given in Appendix A. The demonstra-
tion of the method is largely independent of the details of the
model. The method described in this paper can be applied to
any model which supplies the amounts of chemical produc-
tion and destruction of ozone, i.e. CCMs as well as CTMs,
after incorporating the ozone origin diagnostic. A special-
ity of the model used here is the fully Lagrangian advection
scheme ATTILA that provides a large set of trajectories that
are used to calculate air mass ﬂuxes. This adds the possibil-
ity to compare ozone mass ﬂuxes to air mass ﬂuxes, but the
trajectory data are not necessary for the calculation of ozone
mass ﬂuxes and the ozone attribution method.
2 Ozone origin diagnostic
2.1 Method
The ozone origin diagnostic allows partitioning of ozone at
any point in the atmosphere into the amount of ozone that
originates from each of a certain number of predeﬁned re-
gions dividing the whole atmosphere. A full description of
this method is given in Grewe (2006). Technically, in addi-
tion to the standard ozone ﬁeld, a supplementary ozone ﬁeld
for each of the predeﬁned regions is introduced. Here, the
atmosphere is divided into nine regions, resulting in nine ad-
ditional ozone ﬁelds. Each of these nine global ozone ﬁelds
consists of ozone that is produced in one of the nine prede-
ﬁned regions only, i.e. the ith ozone ﬁeld is global in extent
but contains only ozone molecules that were created in re-
gion i. On the other hand, at each point in the atmosphere,
the local destruction rate is applied to all nine ozone ﬁelds.
Thus, the ozone molecules produced in region i, are advected
throughout the atmosphere making ozone ﬁeld i, and are
eventually destroyed at some point in the atmosphere. The
change in ozone mixing ratio for ozone ﬁeld i over one time
step(i.e.thetendencyinozoneOi
3)atamodelgridpoint(with
longitude θ, latitude φ, altitude z) that is situated in region j
can be expressed as:
∂Oi
3
∂t
=Pδij −DOi
3+Ti (1)
Here Oi
3 is the mixing ratio of the ozone ﬁeld i at gridpoint
(θ, φ, z). P is the total ozone production at this gridpoint
per unit time, i.e. in units of ozone mixing ratio per time
(e.g. ppbvs−1). D is the fraction of the ozone destroyed per
unit time at that gridpoint (in units of 1s−1). Ti is the net
amount of ozone from ozone ﬁeld i transported to or from the
respective point in the atmosphere per unit time, i.e. as well
in units of ozone change per time (e.g. ppbvs−1). The delta
operator δij equals 1 if j =i and is zero otherwise, i.e. the
ozone production is only added to ozone ﬁeld Oi
3 if gridpoint
(θ, φ, z) lies within region i.
It can be shown that the sum of all nine ozone ﬁelds is
equivalent to the full ozone ﬁeld at all times if this is true for
the initial condition in a mathematically exact way. For all
other initial conditions, the sum of the ozone ﬁelds also con-
verges exponentially to the full ozone ﬁeld, i.e. the method
is convergent. The time of convergence and thus the spin-
up time depends on the chemical lifetime and the transport
timescale, and an appropriate initialization is recommended
to guarantee fast spin-up (see Appendix B). In practice, the
sum of the tracer ﬁelds might, however, differ from the full
ozone ﬁeld due to numerical diffusion that acts differently on
the tracer ﬁelds as they have different gradients. Therefore,
the mass of the sum of the nine partitioned ozone ﬁelds is
scaled to the mass of the full ozone ﬁeld after each time step.
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Fig. 1. Schematic illustrating the ozone origin diagnostic. Two
source regions are shown (red and purple boxes), in which ozone
molecules of the respective colour are produced. The molecules
can be transported out of their source region (along some trajectory,
illustrated by the black line), and are destroyed eventually. Choos-
ing any subregion of the atmosphere (for example the black box),
the contribution of ozone from different source regions to the full
ozone ﬁeld can be determined. For example, in the black box 60%
of the ozone molecules originate from the southern mid-latitude box
and 40% from the tropical stratosphere box.
Hence it is always given that
O3(θ,φ,z,t)=
9 X
i=1
Oi
3(θ,φ,z,t) (2)
In Grewe (2006) it was shown that the numerical accu-
mulated error in ozone is less than 2% almost everywhere
in the atmosphere; only small regions around the tropical
tropopause region and at high latitudes showed errors of
more than 5%. Since in the model version used in the current
study the semi-Lagrangian advection scheme of the model in
Grewe (2006) was replaced by the fully Lagrangian scheme
ATTILA, the errors due to numerical diffusion are expected
to be even smaller (Stenke et al., 2008).
The ozone origin diagnostic is illustrated schematically in
Fig. 1. Ozone from two different source regions is shown.
In each source region, ozone molecules of the respective
“colour” are produced, i.e. “red” molecules in the mid-
latitude source region and “purple” molecules in the tropi-
cal source region. The created ozone molecules are trans-
ported within and out of their source region, and will be
destroyed eventually at some point in the atmosphere. The
ozone molecules originating from a particular source region
(i.e. of a particular “colour”) therefore make a global ozone
Fig. 1. Schematic illustrating the ozone origin diagnostic. Two source regions are shown (red and purple boxes),
in which ozone molecules of the respective colour are produced. The molecules can be transported out of their
source region (along some trajectory, illustrated by the black line), and are destroyed eventually. Choosing
any subregion of the atmosphere (for example the black box), the contribution of ozone from different source
regions to the full ozone ﬁeld can be determined. For example, in the black box 60% of the ozone molecules
originate from the southern mid-latitude box and 40% from the tropical stratosphere box.
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Fig. 2. Deﬁned regions of the ozone origin diagnostic with each region being marked in one colour.
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Fig. 2. Deﬁned regions of the ozone origin diagnostic with each
region being marked in one colour.
ﬁeld. At any point in the atmosphere, the method allows
ozone to be partitioned into molecules originating from the
deﬁned regions, as shown in the example of the black box in
Fig. 1.
The partitioning of the atmosphere into the nine regions
of ozone origin is shown in Fig. 2. The regions are cho-
sen so that three boxes represent the troposphere (northern
and southern extratropics and tropics) and the six remaining
regions represent different parts of the stratosphere. In con-
trast to Grewe (2006), the extratropical stratosphere is not
subdivided into lower and middle stratosphere but into mid-
latitudes and high latitudes. Grewe (2006) showed that ozone
produced in the extratropical lower stratosphere is not a ma-
jor contributor to the total amount of ozone anywhere in the
atmosphere. The objective of the subdivision implemented
here is to examine the role of ozone production at high lat-
itudes in summer and to study transport of ozone between
high, middle and low latitudes. In general, the subdivision
of the atmosphere into any number of regions can be chosen
arbitrarily and customized to the subject of interest.
The latitudinal boundaries are chosen to resemble barriers
to transport, i.e. the tropical and polar barrier, and to subdi-
vide the atmosphere according to regions of ozone produc-
tion and destruction. Figure 3 (top) shows the climatologi-
cal mean net ozone production in the solstice seasons in the
2000s. The boundary between the regions representing the
tropics and mid-latitudes is chosen so that in the winter hemi-
sphere the boundary divides the tropical region of net pro-
duction from the region of net destruction in the winter ex-
tratropics. The lower panels of Fig. 3 show the mean residual
circulation and the location of the polar vortex. The bound-
ary between the regions representing middle and high lati-
tudes resembles approximately the separation of air masses
www.geosci-model-dev.net/4/271/2011/ Geosci. Model Dev., 4, 271–286, 2011274 H. Garny et al.: Attribution of ozone changes
O
3
 
n
e
t
 
P
r
o
d
u
c
t
i
o
n
 
[
1
0
9
k
g
]
 −1
 −0.6
 −0.2
0.2
0.6
1
latitude
p
r
e
s
s
u
r
e
 
[
h
P
a
]
DJF
−80 −60 −40 −20 0 20 40 60 80
10
1
10
2
10
3
R
e
s
i
d
.
 
C
i
r
c
 
[
1
0
9
k
g
/
s
]
 −10
 −6
 −2
2
6
10
−80 −60 −40 −20 0 20 40 60 80
10
30
50
100
latitude [°]
p
r
e
s
s
u
r
e
 
[
h
P
a
]
O
3
 
n
e
t
 
P
r
o
d
u
c
t
i
o
n
 
[
1
0
9
k
g
]
 −1
 −0.6
 −0.2
0.2
0.6
1
latitude
p
r
e
s
s
u
r
e
 
[
h
P
a
]
JJA
−80 −60 −40 −20 0 20 40 60 80
10
1
10
2
10
3
R
e
s
i
d
.
 
C
i
r
c
 
[
1
0
9
k
g
/
s
]
 −10
 −6
 −2
2
6
10
−80 −60 −40 −20 0 20 40 60 80
10
30
50
100
latitude [°]
p
r
e
s
s
u
r
e
 
[
h
P
a
]
Fig. 3. Top: Climatology (2000-2009) of the net ozone production in kg per gridbox and over the three-month
period DJF (left) and JJA (right). The grey solid line is the mean position of the dynamical tropopause. Bottom:
climatology of the mass-weighted streamfunction of the residual circulation in the stratosphere. The grey
dashed line is the location of the winter hemisphere jet (latitude of maximal zonal wind speed). The vertical
and horizontal bars denote the inter-annual variability as 1σ.
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Fig. 3. Top: climatology (2000–2009) of the net ozone production in kg per gridbox and over the three-month period DJF (left) and JJA
(right). The grey solid line is the mean position of the dynamical tropopause. Bottom: climatology of the mass-weighted streamfunction of
the residual circulation in the stratosphere. The grey dashed line is the location of the winter hemisphere jet (latitude of maximal zonal wind
speed). The vertical and horizontal bars denote the inter-annual variability as 1σ.
inside and outside the polar vortex, which acts as a barrier
to transport. The location of the jet (and the transport bar-
rier) varies and, especially in the Northern Hemisphere, the
vortex is not zonally symmetric. The location of the wind
maxima in the seasonal mean, as shown in Fig. 3, is, how-
ever, relatively stable from year to year (as indicated by the
horizontal bars that represent one standard deviation) and
close to the deﬁned boundaries between middle and high lat-
itudes. The model levels that separate the three tropospheric
regions from the stratospheric regions are chosen to roughly
represent the tropopause. The structure of the dynamical
tropopause (speciﬁed as 3.5PVU, see Grewe and Dameris,
1996)variesfordifferentseasons(seeFig.3), buttheinteran-
nual variability in the location of the tropopause is relatively
small (as indicated by the 1σ vertical bars). The location of
the tropopause, the wind jets and the zero-line of net ozone
production is almost unchanged in the future (2040–2049)
compared to the 2000s (not shown). Therefore, it can be as-
sumed that air masses with similar properties are described
by the ﬁxed boxes both in the present and future.
Fixed regional boundaries following model levels and lat-
itudinal grids are used here. This allows an analysis of
the properties of ozone from a certain geographical region,
but air masses are not separated according to their dynam-
ical origin (i.e. air masses within the polar vortex). There-
fore, for example, it is not possible to make conclusions re-
garding transport across the polar barrier if ozone molecules
originating from a polar box are detected in mid-latitudes –
they might have been equatorward of the polar barrier while
in the polar box. The same is true for cross-tropopause
transport: as the boundary between the “tropospheric” and
“stratospheric” boxes is not coincident with the tropopause,
air masses that are transported across this boundary are not
necessarily crossing the tropopause. Therefore, by using
ﬁxed boundaries, the question can be addressed regarding
how much ozone originating from different geographical re-
gions contributes to the ozone amount at a certain point.
However, it cannot be concluded explicitly whether ozone
crossed dynamical boundaries. To separate air masses ac-
cording to their dynamical region of origin it would be nec-
essary to use ﬂexible boundaries such as the tropopause or
mixing barriers deﬁned by e.g. PV gradients. However, this
makes the interpretation more difﬁcult since changes in the
ozone mass within a region might either be due to changes in
the ozone sources and sinks or due to changes in the size of
the region.
Geosci. Model Dev., 4, 271–286, 2011 www.geosci-model-dev.net/4/271/2011/H. Garny et al.: Attribution of ozone changes 275
2.2 Results: ozone origin
As an illustrative example, an analysis of ozone for the north-
ern mid-latitudes using the ozone origin diagnostic is shown
in Fig. 4. The mean ozone mixing ratio averaged over the
northern mid-latitudinal source region, i.e. the yellow region
in Fig. 2, has an annual cycle (black line) with highest val-
ues in northern spring and lowest values in northern autumn.
The partitioning of ozone into its regions of origin shows
that the annual cycles in ozone from different origins have
much larger amplitudes, but partially cancel. The yellow line
shows the annual cycle in ozone that originates locally, i.e.
if the northern mid-latitude stratosphere would not import
ozone from any other region of the atmosphere, this is how
the annual cycle in ozone would appear. The locally pro-
duced ozone has highest mixing ratios in summer and lowest
in winter, as expected. Ozone of tropical origin (purple line),
on the other hand, clearly shows a wintertime maximum, be-
ing in phase with the maximum in the northern mid-latitude
stratospheric ozone. Even though locally produced ozone
makes the largest contribution (67% in the annual mean), the
annual cycle is determined primarily by ozone of tropical ori-
gin (which only contributes 22% in the annual mean). Ozone
from other regions makes a negligible contribution to ozone
mixing ratios in the northern mid-latitudes. The fact that the
annual cycle in mid-latitude ozone is induced by transport
of tropical ozone into mid-latitudes is commonly known. It
is, however, somewhat surprising that tropical ozone makes
still only a relatively small contribution to the total amount
of ozone compared to what is produced locally. This result
agrees with the ﬁndings of Grewe (2006).
The relative contribution of each of the nine ozone ﬁelds to
the net ozone mixing ratio at each point (i.e. the contribution
of each “colour” of ozone, following the example of Fig. 1)
is shown as a latitude-height map in Fig. 5. Each panel il-
lustrates the contribution of the ozone ﬁeld from one source
region, so that the sum of the nine plots equals to 1 every-
where. It can be seen that in the middle stratosphere, locally
produced ozone dominates over transported ozone (as con-
tributions are high within the source regions), which can be
expected from strong ozone production and short life-times.
In the tropical middle stratosphere, the contribution of lo-
cal ozone is highest, while in the polar regions only about
30% of the ozone at the upper levels is of local origin. In
the polar lower stratosphere even less ozone is of local ori-
gin, and mostly originates from the mid-latitudes. Ozone
originating in the tropical stratosphere is transported pole-
ward and downward, apparent by the regions of enhanced
contribution in the extratropics. This transport is due to the
residualcirculation, which transportsairfrom thetropicsinto
the extratropics of the winter hemisphere (see Fig. 3 bot-
tom). In the summer hemisphere, the circulation is more
conﬁned in its vertical extent and implies weak transport
of air from the mid-latitudes to high latitudes in the lower
stratosphere. As the meridional circulation is stronger in the
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Fig. 4. Climatology (2000-2009) of the annual cycle in ozone mixing ratios averaged over the northern mid-
latitude stratosphere (the yellow region in Fig. 2). The black line is the mean ozone mixing ratio and the
colours are the mean mixing ratios of the nine ozone origin tracers (colours follow Fig. 2; yellow: local, purple:
tropical middle stratosphere, pink: tropical lower stratosphere). The vertical bars denote the 1σ variability over
the analysed decade.
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Fig. 4. Climatology (2000–2009) of the annual cycle in ozone
mixing ratios averaged over the northern mid-latitude stratosphere
(the yellow region in Fig. 2). The black line is the mean ozone
mixing ratio and the colours are the mean mixing ratios of the nine
ozone origin tracers (colours follow Fig. 2; yellow: local, purple:
tropical middle stratosphere, pink: tropical lower stratosphere). The
vertical bars denote the 1σ variability over the analysed decade.
Northern Hemisphere (see Fig. 3), tropical ozone contributes
more there. In the annual mean, the contribution of tropical
ozone to mid-latitude ozone is, however, only about 10–20%,
butshowsadistinctannualcycle(asshownfortropicalozone
in the northern mid-latitudes above). Another interesting fea-
ture is the spread of ozone originating in the tropical lower
stratosphere to higher latitudes in the lower stratosphere,
which approximately follows the structure of isentropic lev-
els in this region. Mid-latitude ozone also shows tongues
of ∼10% contribution reaching into lower latitudes. These
features are indicative of frequent wave breaking events that
mix tropical and extratropical air (e.g. Randel et al., 1993),
leading to transport of ozone between low latitudes and ex-
tratropics.
These results, as well as the results of Grewe (2006), anal-
yse exclusively the climatological mean origin of ozone. To
study the long-term changes in the origin of ozone, differ-
ent decades from the transient simulation used here are com-
pared in Fig. 6, showing the difference in mean ozone mix-
ing ratios in the northern mid-latitudes between the present
(2000s) and the future (2040s). Ozone mixing ratios increase
through all seasons, and the annual cycle becomes more pro-
nounced. Examination of the individual ozone ﬁelds, con-
sisting of ozone of different origin, shows that during winter,
this increase is largely due to enhanced ozone amounts orig-
inating in the tropics. This suggests that enhanced transport
of ozone from the tropics to mid-latitudes is the cause of in-
creasing ozone mixing ratios in the mid-latitudes. However,
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Fig. 5. Climatology (2000–2009) of the contribution of ozone originating from the regions indicated by the boxes to the full ozone ﬁeld
(Oi
3/O3) for each of the nine source regions.
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Fig. 6. As in Fig. 4, but difference 2040s minus 2000s. Colours follow Fig. 2: yellow: local, purple: tropical
middle stratosphere, pink: tropical lower stratosphere. Here, the vertical bars denote the 1σ uncertainty in the
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Fig. 6. As in Fig. 4, but difference 2040s minus 2000s. Colours
follow Fig. 2: yellow: local, purple: tropical middle stratosphere,
pink: tropical lower stratosphere. Here, the vertical bars denote the
1σ uncertainty in the differences.
care has to be taken in the interpretation of these results: the
enhancedmixingratiosofozoneoftropicalorigininthemid-
latitudes could also result from a decrease in the mid-latitude
destruction rates. The same problem arises for the enhance-
ment of locally produced ozone: the increase could result
from more ozone production, decreased destruction rates, or
more export of mid-latitude ozone. This highlights the need
to deﬁne a method which separates the effects of dynam-
ics (transport) and chemistry (production and destruction) to
assign long-term changes in ozone to these processes. In
the next section, a method which allows the attribution of
changes to transport and chemistry separately is presented.
3 Transport of ozone masses
3.1 Method
The amount of ozone within some volume in the atmosphere
changes due to chemical production and destruction and due
to transport of ozone into or out of that region. The time
integrated ozone budget (Eq. 1) can be used to estimate the
transport tendency of ozone over a certain time interval dt:
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[Ti]=dOi
3−([P]δij −
h
DOi
3
i
) (3)
The operator [·] indicates the integrated quantity over the
timestepdt. [Ti]istheamountofozoneoriginatinginregion
i that is transported to (or from) a given point in the atmo-
sphere during dt. To obtain [Ti], it is necessary that the pro-
duction and destruction rates of ozone are known separately,
i.e. these ﬁelds need to be available as model output. Here,
the production and destruction rates are available as means
over one time interval. The time interval dt over which the
transport is calculated is chosen here as one month. The
ozone tendency dOi
3 is then the accumulated change in Oi
3
over the course of a month, which is equal to the difference
in Oi
3 between the ﬁrst and last timestep of the month. This
is illustrated in Fig. 7, where the ozone tendency is marked
by the blue vertical arrows. The sum of the production and
destruction, respectively, over each time step in a month is
the total ozone production and destruction tendency. The
monthly tendencies are used to obtain a monthly transport
tendency using Eq. (3). In principle, the transport estimate
does not depend on the chosen integration time interval.
The availability of the production and destruction tenden-
cies allows an estimate of the total transport tendency [T] for
each gridpoint of the atmosphere. This is the net transport,
i.e. the sum of ozone transported away from this region and
ozone imported from other regions. Incorporating the ozone
origin diagnostic allows the export of ozone from a region
and the import of ozone originating in the 8 other regions
to be distinguished. It is therefore possible to determine the
ozone ﬂuxes between all regions.
The production and destruction terms are dominant in
Eq. (3), and the transport tendency [Ti] is a small residual
andthereforesubjecttonumericaluncertainties. Anumerical
discrepancy arises from the fact that in the chemistry scheme
of the model, the saved diagnostics of production and de-
struction are calculated directly from the reaction rates and
concentrations of the rate limiting reactions, while the ozone
budget differential equation is solved using a semi-implicit
numerical integration scheme (here: Eulerian backward for-
mulation). This leads to a discrepancy between the saved
production and destruction terms and the ozone tendencies.
To account for this, the production and destruction values
are subsequently adjusted so that the global ozone budget is
closed, with the constraint that the adjusted production and
destruction terms should be as close as possible to the ini-
tial values. As this adjustment is applied only to the output,
no accumulation of errors occurs. For the full global ozone
ﬁeld, the adjustments are ∼1%. The estimated mass ﬂuxes
[Ti] are affected by the adjustment mostly by less than 10%.
3.2 Results: local ozone budget and mass ﬂuxes
The results for the northern mid-latitudes are shown here
as an example of the decomposition of ozone tendencies
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Fig. 6. As in Fig. 4, but difference 2040s minus 2000s. Colours follow Fig. 2: yellow: local, purple: tropical
middle stratosphere, pink: tropical lower stratosphere. Here, the vertical bars denote the 1σ uncertainty in the
differences.
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Fig. 7. Schematic illustrating monthly ozone tendencies. An arbitrary ozone time series (with arbitrary units)
is shown for three months. The difference between the ozone value at the beginning and the end of the months
(blue horizontal lines) is the same as the accumulated change in ozone over the course of each month (blue
arrows).
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Fig. 7. Schematic illustrating monthly ozone tendencies. An ar-
bitrary ozone time series (with arbitrary units) is shown for three
months. The difference between the ozone value at the beginning
and the end of the months (blue horizontal lines) is the same as the
accumulated change in ozone over the course of each month (blue
arrows).
in production, destruction and transport. Figure 8 shows
a climatology of the monthly tendencies of the nine ozone
ﬁelds averaged over the northern mid-latitude region. As
the ozone tendencies are the changes within one month, they
are equivalent to the time derivative of the annual cycle in
ozone shown in Fig. 4. While local ozone accumulates from
February to August, it decreases through the other half of the
year. Ozone of tropical origin (the contributor to northern
mid-latitude ozone second in importance) shows a reversed
annual cycle with negative tendencies in the ﬁrst half of the
year and positive tendencies in the second half of the year.
The lower panel in Fig. 8 shows the decomposition of the
tendencies into the contributions by production (which is dif-
ferent from zero only for locally produced ozone), destruc-
tion and transport. Note that the scale of these tendencies is
one order of magnitude larger than the net tendencies, i.e. the
net change in ozone is a small residual between production,
destruction and transport. The terms are shown as deﬁned in
Eq. (3), i.e. production and destruction are both positive, and
positive transport tendencies indicate import while negative
transport tendencies denote export of ozone.
Local ozone in the mid-latitudes is produced largely in
summer, when the solar irradiance is strongest. The destruc-
tion of local ozone shows a similar annual cycle as the pro-
duction term, but with a slight lag. The net production is
∼20% of the total production, i.e. production is largely off-
set by destruction as expected from the relatively short life-
time of ozone in this region. The transport tendency of local
ozone is negative throughout the year, as expected, as local
ozone can only be exported and not imported. The transport
tendencies show a relatively small annual cycle.
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Fig. 8. Climatology (2000-2009) of the annual cycle in the net monthly tendencies dO
i
3 in ozone (top) and in
the lower panel the tendencies due to transport [Ti] (solid line), production [P] (dashed line) and destruction
ˆ
DO
i
3
˜
(dash-dotted line) in the northern mid-latitudes. Yellow lines are local mid-latitude ozone, purple lines
tropical ozone.
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Fig. 8. Climatology (2000-2009) of the annual cycle in the net
monthly tendencies dOi
3 in ozone (top) and in the lower panel the
tendencies due to transport (Ti) (solid line), production (P) (dashed
line) and destruction (DOi
3) (dash-dotted line) in the northern mid-
latitudes. Yellow lines are local mid-latitude ozone, purple lines
tropical ozone.
Ozone originating in the tropical middle stratosphere
makes an important contribution to northern mid-latitude
ozone (see purple line in Fig. 8). The transport tendency is
close to zero in summer, increases through autumn and into
winter, and then decreases in spring. This behaviour is as ex-
pected since the transport by the BDC is strongest in north-
ern winter (see Fig. 3). The destruction of ozone of tropical
origin in the mid-latitudes follows the transport tendencies,
but lags by about 1–2 months. Therefore, the net tendency
(sum of transport and destruction) is positive until February,
when the amount of ozone transported into the mid-latitudes
exceeds the destruction. After February, more ozone of trop-
ical origin is destroyed in the mid-latitudes than resupplied,
and the mixing ratio of that ozone decreases.
The incorporation of this diagnostic allows an explanation
of the annual cycle in ozone in the mid-latitudes. Ozone
of tropical origin peaks in February (see Fig. 4), but this is
not because transport is strongest in this month but rather
because the balance between transport and destruction is
positive until February. The annual cycle in local mid-
latitude ozone is dominated by the seasonal dependence of
ozone production. The sum of locally originating ozone and
ozone originating in the tropics determines the annual cycle
of ozone in the mid-latitudes: the maximum in mid-latitude
ozone in March to April results from a combination of ele-
vated amounts of tropical ozone (that is destroyed and thus
decreases strongly afterwards) and increasing production of
local ozone (which was low earlier in the year).
This application of the ozone attribution method allows
an improved understanding of the spring-time maximum in
ozone due to transport accumulation over the winter as fol-
lows: transport itself peaks in January, and the accumulation
of ozone of tropical origin peaks in February. The maximum
inozoneis, however, foundinMarchtoAprilduetotheaddi-
tional effect of local ozone production. If only the transport
effect would determine the spring-time maximum it would
take place about 1–2 months earlier. This detailed analysis
of the causes of the annual cycle in ozone is possible also for
the other regions.
The monthly transport tendencies for all regions are illus-
trated in Fig. 9 (left) as annual mean mass ﬂuxes between the
different regions of the atmosphere for the 2000–2009 cli-
matology. Fluxes are shown only between selected regions;
a complete list of ﬂuxes between all regions is given in Ta-
ble 1. Together with the ozone ﬂuxes, the annual mean ozone
budget for each region is shown in Fig. 9. The net transport
tendency T does not necessarily equal the sum of the arrows
pointing to and from a region, as not all ﬂuxes are shown for
clarity.
To compare the transport of ozone to transport of air
masses, the trajectories from the Lagrangian advection
scheme ATTILA are used to calculate air mass ﬂuxes that are
shown in the right hand panel of Fig. 9. The trajectories are
calculated online and used for the transport of all trace gases,
and are saved 12-hourly so that a database of about 500000
trajectories is available at each time step. To calculate the
mass ﬂuxes, the atmosphere is then divided into the same re-
gions as in the ozone origin diagnostic. The trajectories that
are located in the region of interest at the end of the month
are followed backward over the course of the month. As each
trajectory represents an equal mass of air, simple counting of
trajectories originating from the nine regions gives the total
mass ﬂux of air within one month. Due to mass conservation,
the sum of the imported and exported mass in each region is
zero. This is robustly fulﬁlled in the model, the sum of export
andimportislessthan1%ofthetotalexportinallregionsex-
cept the tropical lower stratosphere, where the error is 2.6%.
The cancellation of import and export for air mass ﬂuxes is
contrary to ozone ﬂuxes, since ozone has chemical sinks and
sources. The air mass ﬂuxes are approximately 6 orders of
magnitude larger than the ozone mass ﬂuxes, which is rea-
sonable considering that ozone mixing ratios are on the order
of parts per million (10−6 kgkg−1).
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Fig. 9. Climatology (2000–2009) of annual mean ozone mass ﬂuxes (1010 kgyr−1) (left) and air mass ﬂuxes (1016 kgyr−1) (right). In
the upper ﬁgure, the annual mean ozone budget of each region is shown, i.e. the total destruction (D), production (P) and net transport
(T). In the troposphere, also the deposition (Dep) is listed separately. Values are rounded, i.e. mass ﬂuxes shown as “0” are smaller than
0.5×1010/0.5×1016 kgyr−1, respectively.
Table 1. Annual ozone mass transport in 1010 kgyr−1 from each predeﬁned region to each of the eight other regions.
TO
nhT1 shT tT tLS tS nmS smS npS spS
F
R
O
M
nhT – 1.42 53.73 0.02 0.09 0.09 0.05 0.01 0.00
shT 0.65 – 21.38 0.00 0.07 0.01 0.02 0.00 0.01
tT 35.55 27.37 – 0.56 0.48 0.93 1.06 0.12 0.17
tLS 4.37 2.53 10.38 – 7.49 3.87 3.88 0.54 0.49
tS 2.15 0.99 4.20 1.80 – 34.54 35.40 1.97 1.00
nmS 12.46 1.54 17.63 2.00 20.84 – 1.00 8.39 0.11
smS 1.90 6.38 13.05 2.12 24.59 1.23 – 0.14 9.74
npS 1.32 0.13 1.57 0.03 0.13 2.67 0.00 – 0.00
spS 0.12 0.45 0.78 0.05 0.16 0.00 3.51 0.00 –
1 nhT=northern extratopical troposphere, shT=southern extratropical troposphere, tT=tropical troposphere, tLS=tropical lower stratosphere, tS=tropical stratosphere,
nmS=northern mid-lat stratosphere, smS=southern mid-lat stratosphere, npS=northern polar stratosphere, spS=southern polar stratosphere
Note that there is a slight difference in the ozone ﬂux
and air mass ﬂux calculation concerning the transport time-
scales. The mass ﬂuxes calculated from the trajectories are
the ﬂuxes that leave the source region and enter the destina-
tion region within one month. The transport time-scale of
the ozone ﬂuxes, on the other hand, cannot be determined
from the diagnostic as performed here; it is only known that
the ozone mass enters the region of destination within the
regarded month (adding to the monthly ozone tendency dur-
ing this month) and that the ozone molecules originated from
the source region at some time before that. However, it might
have taken the ozone molecules a longer time than one month
to travel from the source to the destination region. In the up-
per stratosphere, where life-times are typically shorter than
one month, it can be assumed that the ozone molecules were
transported within a month or less, while in the lower strato-
sphere, the transport time scales are longer.
Many previous studies have dealt with mass or tracer ex-
change across the tropopause, but there are few estimates of
mass ﬂuxes between different regions of the stratosphere.
The results obtained with the method described here, can
be compared to the estimates of troposphere-stratosphere
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ozone exchange of previous studies. The tropospheric ozone
budget including the contribution of stratospheric ozone to
tropospheric ozone has been studied in many models, as
summarized by Stevenson et al. (2006). The contribution
of stratospheric ozone transport to tropospheric ozone is
estimated at 55±17×1010 kgyr−1 from the multi-model
mean in Stevenson et al. (2006), comparing well with esti-
mated cross-tropopause ozone ﬂuxes from observations of
45 to 59 × 1010 kgyr−1 by Gettelman et al. (1997). In
the study presented here, the total net ozone mass ﬂux
between the stratospheric and the tropospheric regions is
78×1010 kgyr−1, i.e. substantially larger than these pre-
vious estimates. The overestimation of ozone mass ﬂuxes
might be either due to an overestimation of the air mass ex-
change between troposphere and stratosphere or due to the
too high gradients in ozone mixing ratios between the tro-
posphere and stratosphere in the model used here. The air
mass ﬂuxes between the broadly deﬁned tropospheric and
stratospheric boxes presented here (shown in Fig. 9 right)
are strongest in mid-latitudes, with values of net downward
ﬂuxes of around 25×1016 kgyr−1. These values compare
well with observational estimates by Grewe and Dameris
(1996), having found strongest cross-tropospause mass ex-
change in the mid-latitudes with peak values of about 25 to
35×1016 kgyr−1 (with exact values depending on the def-
inition of the tropopause and the method used to calculate
the mass ﬂux). As the stratosphere-troposphere air mass ﬂux
compares well to previous estimates, the too high values for
the ozone mass ﬂux are most likely due to anomalously high
ozone mixing ratios in the stratosphere, that are known to
occur in the model used here (Stenke et al., 2009).
As mass is conserved in the Lagrangian scheme, the mass
ﬂuxes to and from each box sum to zero (as rounded numbers
areshownthesumofthenumbersthatareshownmightdiffer
slightly from zero). Ozone, on the other hand, has chemical
sources and sinks and the net ozone mass ﬂux for a region
can therefore be different from zero (e.g. the tropical lower
stratosphere shows a net ﬂux out of the region). The inte-
grated chemical production and destruction (and in the case
of the troposphere, deposition) of ozone, whose sum equals
the net transport, is indicated in each region.
The air mass ﬂuxes clearly reﬂect the well-known circu-
lation in the stratosphere, with net upwelling in the tropics,
net poleward transport of air from low to higher latitudes and
downwelling into the troposphere in the extratropics. The
largest downward mass ﬂux into the troposphere occurs in
the mid-latitudes. In the tropical middle stratosphere the pos-
itivenetairmassﬂuxesintothemid-latitudesarebalancedby
upward ﬂuxes. The ozone mass ﬂuxes show that in the trop-
ical stratosphere more ozone is transported out of this region
(into the extratropics) than into this region, as expected since
the tropical stratosphere is a known source region for ozone.
However, transport does not act in one direction only but
a considerable exchange of air masses takes place through
two-way mixing (Plumb, 2007). Here, the tracer ﬂux in
both directions across the deﬁned boundaries can be explic-
itly quantiﬁed. The (ozone) mass ﬂuxes into mid-latitudes
of about 4×1016 kgyr−1 (35×1010 kgyr−1) are partly bal-
anced by ﬂuxes into the tropics of roughly 2×1016 kgyr−1
(25×1010 kgyr−1). With the method used here, not only
net ozone mass ﬂuxes, but ﬂuxes into and from each region
to each other can be determined (the values are listed in Ta-
ble 1).
The net ﬂux of air mass and of ozone mass between two
regions can be of different sign, depending on the ozone gra-
dient in this region. For example the mass ﬂux from the tro-
posphere into the lower stratosphere in the tropics is positive
(as expected from upwelling in this region), but the net ozone
ﬂux is downward. This can be easily understood as the ozone
mixing ratios are much smaller in the troposphere than in the
lower stratosphere. In the extratropics, the net ﬂuxes from
the stratosphere into the troposphere are downward both for
mass and ozone mass, but while the upward ozone ﬂux is
close to zero, the upward mass ﬂuxes are not negligible.
4 Attribution of long-term ozone changes to chemistry
and transport
4.1 Method
The ozone budget equation (Eq. 1) partitions the ozone ten-
dency into terms associated with transport and with chem-
istry. The chemistry and transport tendencies for different
climate states can be compared, but do not necessarily ex-
plain the causes of the ozone changes as the ozone mixing ra-
tio at one point is the result of the balance between the differ-
ent sources and sinks. The attribution of differences in ozone
mixing ratios between different climate states to changes in
sources and sinks can be obtained as follows:
two different states of the atmosphere, for example two
time periods (p1 and p2) are compared under the assump-
tion that ozone is approximately in balance within each pe-
riod, i.e. there is no drift in the ozone mixing ratios over this
period. For each period, the ozone budget equation for the
annual mean change in ozone is:

∂O3
∂t
p1
=[P]p1 −[DO3]p1 +[T]p1 ≈0

∂O3
∂t
p2
=[P]p2 −[DO3]p2 +[T]p2 ≈0
(4)
Here the integration denoted by [·] is the integral over the
time periods p1 and p2, respectively. Assuming the ozone
to be in balance requires the mean of the annual tendency in
ozone over each time period to be zero. In practice, for the
method to work,
h
∂O3
∂t
ip
has to be negligible compared to
the other terms in the equation. For [DO3]≈[D][O3], the
equations above can be transformed to describe the relative
change in ozone as:
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RO3 =
[O3]p2 −[O3]p1
[O3]p1
=
[D]p1
[D]p2

[P]p2 −[P]p1
[P]p1 +[T]p1 +
[T]p2 −[T]p1
[P]p1 +[T]p1 +1

−1
(5)
It can be seen from this equation that if there were only
changes in the destruction rate (i.e. [P]p2 = [P]p1 and [T]p2
= [T]p1), the resulting changes in ozone are
RD
O3 =[D]p1/[D]p2 −1=([D]p1 −[D]p2)/[D]p2. (6)
Similarly, changes solely in production cause changes in
ozone of
RP
O3 =([P]p2 −[P]p1)/([P]p1 +[T]p1) (7)
and changes solely in transport cause ozone changes of
RT
O3 =([T]p2 −[T]p1)/([P]p1 +[T]p1). (8)
Changes in the destruction rate are directly transferable to
changes in ozone (i.e. a 10% reduction in the local destruc-
tion rate translates to 10% more ozone). Changes in produc-
tion or transport, on the other hand, have to be considered
relative to the total amount of a potential ozone “source”, i.e.
the sum of production and transport.
The relative change in ozone can then be written as:
RO3 =(RD
O3 +1)(RP
O3 +RT
O3 +1)−1
=RD
O3 +RP
O3 +RT
O3 +RD
O3(RP
O3 +RT
O3)
(9)
When relative changes are small (≤0.1), the last term is an
order of magnitude smaller than the ﬁrst terms and can be
neglected so that the total relative change in ozone is approx-
imately equal to the sum of the relative changes due to de-
struction, production and transport changes:
RO3 ≈RD
O3 +RP
O3 +RT
O3 (10)
The change in ozone due to transport can further be sepa-
rated into transport of ozone from different regions by using
the ozone origin diagnostic. As [T]=
P9
i=1[Ti], the change
in ozone due to transport equals RT
O3 =
P9
i=1([Ti]p2 −
[Ti]p1)/([P]p1 +[T]p1). This provides insight into whether
changes in ozone are due to changes in export or due to
changes in import, and for the latter, the region ozone is
imported from. The uncertainty in each relative contribu-
tor is determined by calculating the joint standard deviation
σ =
q
(σ2
1 +σ2
2)/N, where σ1 and σ2 are the standard devi-
ation of the annual mean values of D, P and T over periods
p1 and p2 with length N.
4.2 Results: attribution of long-term changes
The relative difference of the mean ozone mixing ratio in
each region was calculated between the decades 2040–2049
and 2000–2009 from the transient simulation. The relative
changes in ozone due to changes in production, destruction
and transport were calculated using Eq. (5). Figure 10 shows
the results for each region with the transport term separated
into changes due to import and export of ozone. The ﬁrst two
bars in each plot show the relative difference in ozone calcu-
lated directly from the ozone changes (middle term of Eq. 5)
and from the right hand side of Eq. (5). If the assumption that
ozone being in balance over the regarded periods (as made
in Eq. 4) is valid, the two bars should be equal. Even though
ozoneisknowntochangerapidlyduringtheperiodsregarded
here, it can be seen that within the uncertainty bounds of the
directly calculated difference, the two bars cannot be distin-
guished, i.e. the assumption is fulﬁlled sufﬁciently well. It is
important to make this check before interpreting the follow-
ing results, as they are only valid if this check shows that the
method works for the region and periods considered.
The ozone mixing ratios increase from 2000 to the mid
21st century in most regions of the atmosphere, only in the
tropical lower stratosphere is the difference close to zero.
The attribution method allows the changes in ozone to be at-
tributed to chemical and dynamical processes. In the strato-
spheric regions, the changes in ozone are generally largely
driven by changes in chemistry. A decrease in the destruction
rates leads to higher ozone mixing ratios in the mid-latitudes,
the tropical middle stratosphere and the polar regions. In the
southern polar region, the largest relative difference in ozone
in the stratosphere occurs (about 10%). Reductions in de-
struction rates would lead to an increase in ozone mixing ra-
tios of approximately 20%. The increase is, however, coun-
teracted by a negative effect on ozone due to less import of
ozone into the southern polar stratosphere. The changes in
the southern polar stratosphere are examined in more detail
below. Another region in the stratosphere in which changes
intransportplayanimportantroleisthetropicallowerstrato-
sphere. Even though the overall changes in ozone are close
to zero here, it turns out that this is due to the cancellation
of changes in transport and chemistry. While production in-
creases, the overall change due to transport results in a reduc-
tion in ozone due to enhanced export of ozone. The ﬁnding
that transport has a larger impact in the lower stratosphere
compared to regions that include the middle stratosphere can
be expected, as short life-times of ozone in the middle strato-
sphere compared to timescales of transport cause ozone mix-
ing ratios to be chemically controlled there. In the lower
stratosphere, where ozone life-times are longer, ozone mix-
ing ratios are controlled by dynamics to a larger degree.
In the troposphere, ozone increases by about 10 to 20%.
This is largely due to an increase in production, counteracted
by enhanced export. The increase in export can be under-
stood as increased ozone mixing ratios leading to an increase
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in export even if the air mass ﬂux remains the same. In
the Southern Hemisphere troposphere, enhanced import of
ozone is the largest contributor to the positive trend.
Employing the ozone origin diagnostic allows separation
into not only import and export, but also into the region
ozone is imported from. In Fig. 11 the changes in ozone mix-
ing ratios in the southern polar stratosphere are shown with
the changes due to transport partitioned into the 9 ozone ori-
gin regions. As noted above, the strong increase in ozone
due to decreased destruction rates is partly counteracted by
decreased import of ozone. The partitioning reveals that the
decrease in import is predominantly a decrease of ozone im-
ported from the southern mid-latitudes (denoted as “smS” in
Fig. 11). The export of ozone (i.e. transport of local ozone,
“spS”) also decreases slightly (not signiﬁcant), implying less
exchange of ozone between mid-latitudes and the polar re-
gion. The changes in ozone transport might be caused by
either changes in the strength of the transport (i.e. of air
mass ﬂuxes) or by changes in the ozone mixing ratios. The
decreased import of ozone from mid-latitudes could be ex-
plained by decreased mass transport or by decreased ozone
mixing ratios in the mid-latitudes. As the latter is not the
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Fig. 11. As in Fig. 10 but for the southern polar stratosphere only
and with the changes due to import split up into import from each
region (the region labels correspond to those in Table 1) .
case (ozone mixing ratios increase in mid-latitudes), it is
likely that changes in the circulation cause the ozone trans-
port change.
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5 Summary and outlook
A new method is demonstrated that allows a quantiﬁcation
of the impact of changes in transport on ozone changes in
CCMs and CTMs. The ozone origin diagnostic is used here
in combination with a decomposition of ozone tendencies,
therefore not only allowing the determination of the origin of
ozone but also of the ozone mass ﬂuxes between different re-
gions of the atmosphere. When comparing two climate states
that are approximately in steady state, changes in ozone can
be quantitatively attributed to changes in chemical produc-
tion, destruction and transport.
To apply the ozone attribution method described here it is
necessary to (1) implement the ozone origin diagnostic in the
chemistry scheme of the model and (2) save the production
and destruction rates of ozone as model output. Details on
the implementation of the ozone origin diagnostic are given
in Appendix B. The additional computational cost of the ori-
gin diagnostic is minimal; the only cost is the storage of the
additional tracers.
Obviously the results shown here depend on the particular
model used. To assess whether the ﬁndings presented here
are valid generally, it will be necessary to apply the method
to other model systems. To also capture the upper part of the
ozone layer, models that fully include the middle and upper
stratosphere are necessary. However, the results on the origin
of ozone are comparable for models with a high or low top
(Grewe, 2006).
The ozone attribution method presented is only one possi-
ble version, and there is scope for improvement and mod-
iﬁcations. In this version, ﬁxed geographical regions are
used to divide the ozone ﬁeld. It may be advantageous to di-
vide the atmosphere according to dynamically separated re-
gions, e.g.usetheactualtropopausetodividethetroposphere
from the stratosphere instead of a ﬁxed pressure level. This
could be achieved by using the climatological values of the
tropopause as the boundary between the pre-deﬁned regions,
which is probably a good approximation as the interannual
variability of the tropopause height is small compared to the
verticalmodelresolution. Furthermore, airmassesinsideand
outside the polar vortex could be separated by using, for ex-
ample, PV gradients to determine the polar barrier. However,
when using time varying boundaries, the interpretation of the
results requires acknowledging that the volume of the origin
region changes with time, which also has an impact on the
export and import of ozone. Another possibility is to further
separate the chemical terms into production and destruction
caused by different reaction cycles. This can be easily done
as long as the production and destruction rates for the indi-
vidual reaction cycles are saved as model output. It would
also be desirable to be able to separate the effect of the avail-
able radiation for photodissociation. Even if the concentra-
tions of all chemical species remain the same, changes in the
amount of available photons by absorption at layers above
the region of interest (i.e. non-local inﬂuence of ozone above
a given layer) can change ozone production and destruction.
This is so far not incorporated in the method, and will be a
focus of future improvements.
The attribution method has a wide ﬁeld of applications
in model assessments. By applying the method to various
CCMs, it will be possible to conduct process oriented com-
parison of these models. So far, only derived quantities are
generally used to estimate the contribution of chemical or
dynamical processes to these differences (e.g. Austin et al.,
2010). Whenapplyingtheozoneattributionmethodtodiffer-
ent models (i.e. use two different models instead of different
periods in the analysis presented in Sect. 4) it will be possi-
ble to track the differences in simulated ozone to differences
in the amount of ozone produced, destroyed or transported.
For the comparison of models either geographically ﬁxed
or dynamical boundaries can be used to deﬁne the regions,
depending on the question asked (as discussed above). Dy-
namical boundaries allow for the comparison of cross-barrier
transport, while ﬁxed boundaries allow the direct compari-
son of ozone values and their sources and sinks in certain re-
gions (in this case, the different dynamical states have to be
taken into account to interpret the differences found). Unfor-
tunately, it will obviously not be possible to apply the method
directly to observational data. However there is the possibil-
ity to use chemistry-transport models that are based on ob-
served wind ﬁelds, or even assimilated data sets such as that
from Kiesewetter et al. (2010). A comparison of these data
sets with CCMs using the ozone attribution method will al-
low an evaluation of the processes modelled by CCMs in a
quantitative manner.
The attribution of ozone tendencies and changes on
monthly, interannual and long-term timescales to chemistry
and transport can help to reveal the various processes forcing
changes in ozone. For example, it is known that the quasi-
biennial oscillation and the solar cycle impact ozone (e.g.
Randel and Cobb, 1994; Bodeker et al., 2007; Dameris et al.,
2006), and the processes are widely understood (e.g. Kinner-
sley and Tung, 1999; Gray and Pyle, 1989). However, using
the new methodology introduced here, it will be possible to
explicitly quantify the relative contribution to the anomalies
induced by transport changes and by local chemistry.
Appendix A
The E39C-A model and simulation description
In this study, the CCM ECHAM4.L39(DLR)/CHEM-
/ATTILA (E39C-A) is used. The model is an updated version
of ECHAM4.L39(DLR)/CHEM (E39C) (Hein et al., 2001;
Dameris et al., 2005) with the former semi-Lagrangian ad-
vection scheme replaced by the fully Lagrangian advection
scheme ATTILA (Reithmeier and Sausen, 2002). In AT-
TILA, the mass of the model atmosphere is divided into
approximately 500000 air parcels of equal mass which are
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advected three-dimensionally using the actual model wind
ﬁeld. The use of the fully Lagrangian advection scheme AT-
TILA for tracer-transport improved the model performance
substantially (Stenke et al., 2008, 2009). E39C is based on
the spectral general circulation model ECHAM4.L39(DLR)
(Land et al., 2002) and the chemistry-module CHEM (Steil
et al., 1998). The spectral horizontal resolution of the model
is T30, corresponding to approximately 3.75◦×3.75◦ on
the transformed latitude-longitude grid. In the vertical, the
model consists of 39 layers, extending from the surface to the
uppermost layer which is centred at 10hPa. The chosen time
step is 24min. The chemistry module CHEM is based on a
generalised family concept and includes homogeneous and
stratospheric heterogeneous ozone chemistry and the most
relevant chemical processes for describing the tropospheric
background chemistry. The current model version includes a
parametrisation for the bromine chemistry. For more details
on E39C-A, see Stenke et al. (2009).
The E39C-A simulation used in this study follows the def-
inition of the SCN-B2d simulation given in Eyring et al.
(2008). The simulation spans 1960 to 2049 following a 10yr
spin-up. The ozone origin diagnostic was, however, only
incorporated after 2000. The boundary conditions follow
mostly observations in the past and projections in the future.
The sea surface temperatures are taken from the HadGEM
general circulation model (Johns et al., 2006). Concen-
trations of well-mixed greenhouse gases and anthropogenic
NOx emissions, as well as ozone depleting substances, fol-
low observations in the past and are prescribed according to
the SRESA1B scenario (IPCC, 2001) and to the adjusted A1
scenario (WMO, 2007; Eyring et al., 2008), respectively, af-
ter 2000. The simulation includes natural variability, i.e. the
solar cycle, the quasi-biennial oscillation and major volcanic
eruptions in the past are considered. Details on the simula-
tion can be found in Garny et al. (2009).
Appendix B
Implementation of the ozone origin diagnostic
The implementation of the ozone origin diagnostic is de-
scribed here step by step. The additional ozone tracer ﬁelds
are handled as any tracer in respect to the transport. The fol-
lowing operations are applied in the chemistry scheme of the
model.
0. Setup
0.1. Deﬁne N regions
Atﬁrst, anydesirednumberofregionsoforiginthat
subdivide the atmosphere need to be deﬁned (i.e.
the nine regions in the example shown here). Dif-
ferent ways to divide the atmosphere and their ad-
vantagesanddisadvantagesarediscussedinSect.2.
0.2. Implement and initialize N additional ozone ﬁelds
+ two ﬁelds for production and destruction
For each deﬁned region, an additional tracer ﬁeld
needs to the introduced. The ﬁelds can be arbitrar-
ily initialized (as the method converges, i.e. for any
initial condition the sum of the tracers will equal
the full ozone ﬁeld after enough integrations; see
Sect. 2). However, it is recommended to initial-
ize the tracers in a way that reduces the spin-up
time; especially in regions with long chemical life-
times initialized ozone concentrations will decay
slowly. A good way of initializing is to assign to
each ozone tracer ﬁeld the concentrations of the full
ozone ﬁeld within the corresponding region, and
set the concentrations to zero elsewhere. In addi-
tion, two output ﬁelds are needed to save the total
ozone production and destruction (see below). The
N tracer ﬁelds are saved as output variables, de-
sirable at daily resolution. To calculate the accu-
mulated change in ozone over a certain period, the
ozone ﬁelds at the ﬁrst and last timestep of the pe-
riod must be known (see Sect. 3). The total chem-
ical production and destruction of ozone should be
saved as means over the output intervals.
In the model integration, for each timestep and for
eachgridpoint(θ,φ,z), thefollowingoperationsarecon-
ducted:
1. Mass ﬁxing of ozone tracer ﬁelds
Even though the sum of the nine tracer ﬁelds are mathe-
matically equal to the full ozone ﬁeld, numerical diffu-
sion leads to discrepancies in the ﬁelds. Therefore, the
N additional ozone ﬁelds need to be scaled to the full
ozone ﬁeld by the scaling factor SF as follows:
SF=
N P
i=1
Oi
3(θ,φ,z)
O3(θ,φ,z)
Oi
3(θ,φ,z)←Oi
3(θ,φ,z)×SF for i=1...N
(B1)
Theleft arrow(←) indicates theassignment ofﬁelds Oi
3
with the values on the right hand side (i.e. the rescaled
ozone ﬁelds). The variables Oi
3 and O3 are the addi-
tional N ozone ﬁelds and the conventional ozone ﬁeld
in number density (moleculescm−3). The scale factor
SF can be applied to the ozone ﬁelds in any unit (either
mixing ratio or number density), but for the calculation
of SF ozone needs to be in units of number density (or
mass).
2. Determine total ozone production P and total destruc-
tion rate D
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DeterminethetotalchemicalproductionrateP ofozone
at the considered timestep at the current gridpoint, and
D, the percentage rate of total chemical destruction of
ozone (i.e. D = ozone that is destroyed at a gridpoint
per unit time/ozone at this gridpoint). These variables
need to be saved as model output to apply the diagnos-
tics described in Sect. 3 and Sect. 4.
3. Add chemistry tendencies to each ozone tracer ﬁeld
The determined amounts of ozone production and de-
struction need to be added to each of the tracer ﬁelds
according to Eq. (1), i.e. production is only added to the
tracer associated with the region in which the current
gridpoint lies, while destruction is applied to all ﬁelds
according to their relative contribution. The production
and destruction terms are applied to the N ozone tracer
ﬁelds in a way, that the sum of the production and de-
struction over the N ﬁelds equals the production and
destruction of the full ozone ﬁeld.
3.1. Destruction
The total chemical destruction rate D in units of
1/s is multiplied with the length of the timestep 1t
and is applied to each of the N ozone ﬁelds in the
same manner and each ozone ﬁeld with destruction
applied is assigned to the ozone ﬁelds:
Oi
3(θ,φ,z)←Oi
3(θ,φ,z)×D1t
for each i=1...N
(B2)
3.2. Production
The region j in which the current gridpoint (θ,φ,z)
lies is determined. The total production P (in units
of ozone/time) at the current gridpoint is multiplied
with the length of the timestep 1t and is added
to ozone ﬁeld j only (i.e. only to the ozone ﬁeld
that consists of ozone that is produced in region j).
Therefore, only the ozone ﬁeld j is assigned with:
O
j
3(θ,φ,z)←O
j
3(θ,φ,z)+P1t (B3)
The ozone origin diagnostic is implemented in the CCM
E39C-A used here. Furthermore, the ozone origin diagnostic
is also implemented in the EMAC model (J¨ ockel et al., 2006)
and will be released and as a module available in the next
EMAC release.
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